Hydroxylated polychlorinated biphenyls (OH-PCBs) can be detected by liquid chromatography-mass spectrometry coupled to solid-phase extraction (SPE) using a dummy molecularly imprinted polymer (DMIP) as a sorbent. The DMIP is prepared by using an analogue of OH-PCBs (i.e., 4, 4-dihydroxybiphenyl) as a dummy template, to avoid the leakage of the target molecules. The DMIP-SPE sorbent shows good recoveries for OH-PCBs at pH 11 due to the charge-assisted hydrogen bondings between OH-PCBs and the DMIP. It has been found that the DMIP is much more effective and selective than the traditional C 18 -SPE method. The sample pH, polymer dosage, elution solvent and volume have been optimized for higher recoveries. Under the optimum experimental conditions, OH-PCBs can be detected in the linear concentration range of 0.05-1.0 pM, with the detection limits ranging from 11 fM to 82 fM for 4′-OH-CB 9, 4′-OH-CB 30, 4′-OH-CB 61, 4′-OH-CB 106 and 4′-OH-CB 112. The proposed system has been successfully applied to the determination of trace OH-PCBs in spiked water samples with recoveries in the range of 89-110%.
Introduction
Polychlorinated biphenyls (PCBs) are a class of chlorinated hydrocarbons that had been widely used as insulating fluids, heat carriers and coolants before they were banned in the 1970s. PCBs are persistent organic pollutants due to their bioaccumulative, toxic and persistent properties [1, 2] . Hydroxylated polychlorinated biphenyls (OH-PCBs) are produced in the environment by oxidation of PCBs through a variety of mechanisms, including metabolisms in living organisms, reactions with atmospheric active hydroxyl radicals, and transformations in wastewater treatment plants [3] [4] [5] [6] . In bacteria and higher organisms, including human beings, PCBs are metabolized to OH-PCBs by cytochrome P-450 mono-oxygenases [7, 8] , which have been found in the blood and tissues of humans and wildlife [9] . A number of OH-PCBs have been identified as endocrine disruptors, therefore, their toxicities may be greater than those of their parent PCBs [10] . OH-PCBs have been detected in aquatic environments such as snow, rain, and surface waters [4] , probably produced by aerobic biodegradation of PCBs [11] or by the reactions of PCBs with hydroxyl radicals [12] . Studies show that the concentrations of OH-PCBs are higher in surface waters near wastewater treatment plants [4] , sea waters near shores [13] , and ground waters downstream of landfills [14] .
Traditionally, measurements of OH-PCBs can be done using gas chromatography-mass spectrometry (GC-MS) and liquid chromatography-mass spectrometry (LC-MS) [15, 16] . For GC-based approaches, sample clean-up and derivatization procedures are always required, which may result in losses in sensitivity due to sample handling and induce more background interferences [16] . Compared to GC-MS, LC-MS methods do not need derivatization of phenolic compounds and therefore are more promising for OHPCBs detection [15, 17] . So far several papers have been reported for LC-MS-based measurements of OH-PCBs in blood matrix [16] , but none for measurements in the aquatic environment.
The aim of the present work is to develop an LC-MS detection system to measure OH-PCBs in environmental water samples. Prior to detection with LC-MS, preconcentration is crucial for sample preparation since the concentrations of OH-PCBs in the aquatic environment are quite low. Solid-phase extraction (SPE) is the most commonly used method for extraction and preconcentration of target analytes from environmental samples [18] . However, traditional sorbents of SPE like C 18 silica gel are mainly based on non-specific adsorption rather than selective molecular recognition. Currently, molecularly imprinted polymers (MIPs) as SPE sorbents have attracted considerable attention for ease of use and high binding selectivites [19] . However, the drawback of the MIP technique is the leakage of template molecules from the polymer matrix, which may cause false-positive results especially for trace analysis [20] . To overcome this problem, dummy templates, which are analogous to the target molecules, have been applied to design and synthesize "dummy molecularly imprinted polymers" (DMIPs). So far, only Kubo et al. [21] reported the synthesis of DMIPs for OH-PCBs and evaluated their selective separation abilities by using liquid chromatography. The application of DMIPs as SPE sorbents for LC-MS detection of OH-PCBs in the aquatic environment has not been investigated. Herein, we report the preparation of the DMIP for OH-PCBs by using 4,4′-dihydroxybiphenyl as the dummy template, and the application of the DMIP as the SPE sorbent for preconcentration of OH-PCBs from environmental water samples. We show that the DMIP can be successfully applied to SPE coupled with LC-MS/MS to determine trace amounts of OH-PCBs in the aquatic environment.
Experimental

Materials and reagents
The dummy template 4,4′-dihydroxybiphenyl (97%) and analytical standards of OH-PCBs congeners including 4′-hydroxy-2,5-dichlorobiphenyl (4′-OH-CB 9), 4′-hydroxy-2,4,6-trichlorobiphenyl (4′-OH-CB 30), 4′-hydroxy-2,3,4,5-tetrachloro-biphenyl (4′-OH-CB 61), 4′-hydroxy-2,3,3′,4,5-pentachlorobiphenyl (4′-OH-CB 106), 4′-hydroxy-2,3,3′,5,6-pentachlorobiphenyl (4′-OH-CB 112), and PCBs congeners including 2′,2,4,5,5′-pentachlorobiphenyl (PCB 101) and 2,3,3′,4,4′,5-hexachloro-biphenyl (PCB 156) were purchased from Accustandard Inc. (New Haven, CT, USA). Stock solutions of OHPCBs (1.0 mM) were prepared in methanol. Working solutions were prepared by gradual dilutions of the stock solutions with water. Methanol, acetonitrile (ACN), n-hexane and ethyl acetate (EtOAc) were all of HPLC-reagent grade and acquired from Shanghai ANPEL Scientific Instrument Co., Ltd. (Shanghai, China). The functional monomer acrylamide (AAM), cross-linker trimethylolpropane trimethacrylate (TRIM) and initiator 2,2′-azobisisobutyronitrle (AIBN) were obtained from Sigma-Aldrich. The C 18 -SPE cartridges were obtained from ANPEL (Shanghai, China). Deionized water (18.2 MΩ cm À 1 specific resistance) was obtained from a Pall Cascada laboratory water system. All the other chemicals were of analytical grade.
Preparation of the dummy molecularly imprinted polymer
MIPs were synthesized by using the precipitation polymerization method. 93.11 mg of 4,4′-dihydroxybiphenyl and 213.24 mg of functional monomer AAM were dissolved with ACN (30 mL) in a 45 mL screw-capped glass tube. The mixture was sonicated, and then placed in darkness for 1 hour. After that, 0.958 mL of the cross-linker TRIM and 50 mg of AIBN were added to the mixture. The resulting mixture was purged with nitrogen for 10 min and then polymerized at 70°C in oil bath for 24 h. The obtained polymer was collected by vacuum filtration, and packed into the Soxhlet extractor with a filter paper sleeve. The polymer was washed circularly with 150 mL of methanol/acetic acid (9/1, v/v) for 24 h, and further washed 3 times with 120 mL of methanol for 8 h. The resulting polymer was dried overnight in a vacuum oven at 45°C. The corresponding non-imprinted polymers were synthesized using the same procedure in the absence of the template molecules.
Preconcentration of OH-PCBs using DMIP-SPE
In order to evaluate the adsorption affinity of the DMIP to OHPCBs, a traditional SPE procedure was performed using a SPE cartridge. The SPE tubes (3.0 mL, i.d. 1.0 cm) were packed with 50 mg of the dry DMIP or NIP by using two PTFE frits at both ends. The SPE cartridges were preconditioned with 5 mL of ACN to activate the sorbent before the enrichment procedure. Water samples of 1 L containing 1 mM NaOH spiked with different concentrations of OH-PCBs were passed through the SPE cartridge at 30 mL min À 1 , and then washed with 20 mL of water. After loading, the vacuum was still applied to the cartridge for 1 min in order to remove the residual solvent. The elution step was performed using 10 mL of the mixture of hexane and EtOAc (1/1, v/v). The eluent was collected and dried at 60°C under a gentle nitrogen stream.
The residue was dissolved in 100 μL of methanol and analyzed by LC-MS/MS.
Recovery tests
The recovery measurements of molecularly imprinted solidphase extraction (MISPE) for OH-PCBs were carried out by using a reversed-phase HPLC system which consists of a Waters Alliance e2695 separations module with a Waters 2998 photo-diode array detector, and a Waters Sunfire C 18 reversed-phase column (4.6 Â 250 mm 2 , 5 mm). Methanol/H 2 O (90/10, v/v) was used as mobile phase with a flow rate of 1.0 mL min À 1 and the column temperature was 40°C. The recoveries were calculated as follows:
where C i and C f are the initial and final concentrations of OH-PCB in the sample solution, respectively, and V i and V f are the volumes of the solution before and after the MISPE process, respectively.
LC-ESI(-)-MS/MS measurements
Chromatographic analyses were carried out using a Thermo Accela HPLC system consisting of an Accela autosampler and an Accela 1250 pump. The separation was achieved using a Waters Sunfire C 18 reversed-phase column (4.6 Â 250 mm 2 , 5 mm) with a mobile phase flow rate of 1.0 mL min À 1 . A sample of 20 mL was auto-injected into the HPLC column maintained at 30°C. The mobile phase used was methanol and water, which was applied in a linear gradient from 84% to 95% (v/v) methanol in the first 16 min, and then maintained 95% (v/v) methanol until 20 min. The column was equilibrated with 84% (v/v) methanol solution for 5 min before the subsequent injection. Mass spectrometric detection was performed using a Thermo Fisher TSQ Quantum Access MAX tandem quadrupole mass spectrometer (Thermo Fisher, CA, USA) equipped with an electrospray ionization-II (HESI-II) interface operating in the negative ion mode. The spray voltage was set at 3.0 kV. The sheath pressure and auxiliary gas (all N 2 ) pressure were set at 30 and 10 arbitrary unit (Arb), respectively. The capillary temperature was kept at 300°C. The collision gas pressure was adjusted to 1.0 mTorr. ESI(-)-MS/MS parameters were chose for maximum ion current of the [M-H] -isotopic cluster for each HO-PCB congener. Data acquisition and processing were achieved using the Thermo Scientific Xcalibur 2.1 SP1 data software. The data of all the analytes are shown in Table 1 .
Sample preparation
Waste water samples were collected from a sewage treatment plant (Yantai, China). Sea water samples were collected from near shores of the Bohai Sea (Yantai, China). All the water samples were filtered through 0.45 mm microporous glass membranes and stored in brown volumetric glass flask. All the samples were adjusted to pH 11.0 before measurements. Unless otherwise stated, the concentration fold was 10,000 by using the proposed DMISPE in this work.
Results and discussion
Characterization of the DMIP as SPE sorbent
The noncovalent molecular imprinting method was employed to prepare the DMIP for OH-PCBs. The hydroxyl group of the template 4,4′-dihydroxybiphenyl can form strong hydrogen bonding with the functional monomer AAM when the template is mixed with AAM in darkness. In addition, a charge-transfer complexing interaction takes place between the electron-deficient aromatic ring of biphenyl and the electron-rich amino group of AAM in solution system [22, 23] . The surface morphologies of the obtained DMIP and NIP of OH-PCBs were characterized by scanning electron microscopy (SEM). As shown in Fig. 1 , the imprinted particles show a uniform spherical shape with a narrow size distribution of 2-3 mm, whereas the non-imprinted particles are irregular and much smaller, which indicates that the template could influence the polymer formation. Indeed, it has been found that the template-monomer complex can change the solubility of the growing polymer, thus altering the polymer morphology [24, 25] .
To identify the superiority of the DMIP, comparison among the DMIP, C 18 silica gel and the NIP for SPE was made. Fig. 2 shows that OH-PCBs can be retained on the DMIP-SPE column with the recoveries higher than 80%, while only about 40% of OH-PCBs can be recovered on the NIP or C 18 SPE column. The high recoveries of DMIP for OH-PCBs are due to the high-affinity bindings of the imprinted polymer to the OH-PCB molecules.
The selective extraction was also studied on the DMIP column by testing the recoveries of OH-PCBs (e.g., 4′-OH-CB 106 and 4′-OH-CB 112) and their structural analogues (e.g., biphenyl, PCB-101, and PCB-156). As also shown in Fig. 2 , OH-PCBs can be selectively retained on the MIP column with the high recoveries of 80-90%, but biphenyl and PCBs are poorly retained with the low recoveries of less than 45%. Therefore, the high SPE selectivity of DMIP for OH-PCBs is evident.
Optimization of DMIP-SPE parameters
To obtain the best extraction efficiency for OH-PCBs, the DMIP-SPE conditions, including the pH of sample solution, the amount of the MIP sorbent, the type and volume of the eluting solvent, were optimized in this study.
Effect of sample pH
Sample pH affects the binding interactions including hydrogen bonding and ionic interactions between the analytes and the MIP monolith, and thus influences the adsorption efficiency of DMIP-SPE [26] [27] [28] . Therefore, the effect of sample pH on the recovery of OH-PCBs was tested in the pH range of 3.0-11.0. The results are shown in Fig. 3 , it can be seen that at pH 11.0, the proposed DMIP-SPE column exhibits the highest recovery. This is probably due to the fact that at pH 11.0, OH-PCBs would be dissociated and negatively charged, therefore the charge-assisted N-H…O (-) hydrogen bonding interactions will be formed between OH-PCBs and the polymer [29, 30] . In addition, it should be noted that a relatively high recovery can also be observed at pH 3.0. This can be attributed to the fact that the -NH 2 groups in the imprinted polymer can be protonated, and thus the strong cation-π interactions between the -NH 2 groups and the benzene rings of OH-PCBs can be formed [31, 32] .
Influence of the amount of MIP sorbent
The influence of the amount of MIP sorbent on the recovery of OH-PCBs was investigated by varying the amount of MIP sorbent from 10 to 70 mg. As shown in Fig. 4 , the recoveries of OH-PCBs increase with increasing the amount of DMIP sorbent up to 50 mg, which is attributed to the increase in the number of binding sites of the DMIP sorbent for selective extraction of OH-PCBs from sample solution. However, further increase in the amount of DMIP sorbent would not significantly improve the recovery. Therefore, 50 mg of DMIP sorbent was employed for subsequent experiments.
Effects of the eluent and eluting volume
Several solvents including hexane, EtOAc, ACN, and the mixture of hexane/EtOAc (1/1, v/v) were tested for efficient elution of OHPCBs [33, 34] . As shown in Fig. 5 , the recoveries of OH-PCBs congeners eluted by hexane are less than 40%, while the average recoveries exceed 60% for EtOAc and 50% for ACN. In addition, the mixture of n-hexane/EtOAc exhibits an average recovery of 480%. Indeed, this mixture is usually used to extract OH-PCBs from tissues and blood [35] . Therefore, the mixture of hexane/EtOAc (1/1, v/v) was used to elute the MISPE cartridge for the present system.
Since the sample extraction efficiency also depends on the volume of the eluent, the effect of the volume of the hexane/EtOAc mixture was also evaluated. As show in Fig. 6 , for the tested five OH-PCBs congeners, the recoveries increase upon increasing the volume of the eluent up to 10 mL, which is due to the fact that Fig. 2 . Recoveries of biphenyl, PCBs and OH-PCBs on the DMIP, NIP and C 18 columns. Conditioning solutions, 5 mL ACN and then 5 mL deionized water; sample volume, 1000 mL; sample concentrations, 1 nM for OH-PCBs, 10 nM for biphenyl and 10 nM for PCBs; sample pH, 11.0; MIP sorbent, 50 mg; eluent solution, 10 mL hexane/EtOAc (1/1, v/v); washing solution, 20 mL deionized water. Each error bar represents the standard deviation of three measurements. Fig. 3 . Effect of sample pH on the recoveries of the five OH-PCBs congeners. The other conditions are as given in Fig. 2 . Each error bar represents the standard deviation of three measurements. larger amounts of eluent could release more OH-PCBs from the MISPE cartridge. Fig. 6 also shows that further increasing the eluent volume cannot increase the detection sensitivity significantly. In addition, it should be noted that larger amounts of eluent would prolong the detection procedure. Considering a compromise between higher recovery and shorter analysis time, a volume of 10 mL of hexane/EtOAc mixture was selected for the eluting process.
Determination of OH-PCBs by offline MISPE-LC-MS/MS
Under the optimized conditions, the analytical characteristics of the proposed offline MISPE-LC-MS/MS system were investigated. The OH-PCBs were identified by their corresponding chromatographic retention time and MS/MS spectrum. The fragment ions of m/z 165.3 and 201.1 for 4′-OH-CB 9, m/z 199.2 and 235.0 for 4′-OH-CB 30, m/z 233.1 and 268.7 for 4′-OH-CB 61, m/z 266.9 and 302.9 for both 4′-OH-CB 106 and 4′-OH-CB 112, were selected for identification. In this study, the strongest specific fragment ions of m/z 201.1 for 4′-OH-CB 9, m/z 235.0 for 4′-OH-CB 30, m/z 268.9 for 4′-OH-CB 61, and m/z 302.9 for both 4′-OH-CB 106 and 4′-OH-CB 112, were selected to quantify the concentrations. Table 2 ), which are comparable to those reported in the literature [4] . Notably, it has been shown that the total concentrations of OH-PCBs in surface waters from sites near sewage treatment plant outfalls in the cities of Toronto and Hamilton were 130 and 35 pg L À 1 , respectively [4] .
Hence, the proposed system has promising feasibility for tracelevel measurements of OH-PCBs in real environmental water samples. In addition, the relative standard deviation (RSD) for five measurements was found to be in the range of 3.7-7.6%. These results indicate that the developed method exhibits high sensitivity and good reproducibility for OH-PCBs determination.
Analysis of OH-PCBs in spiked water samples
In order to evaluate the feasibility in practical analysis, the proposed MISPE-LC-MS/MS method was applied to determine OH-PCBs in surface water near shore and waste water in sewage treatment plants. The standard addition method was used to verify the accuracy and precision of the proposed method. Notably, we firstly performed the direct detection of OH-PCBs in the above mentioned samples. Unfortunately, these samples are undetectable (data not shown). This is probably owing to the low concentrations of OH-PCBs in the samples which are below the detection limit of the proposed method. Fig. 7 shows chromatograms obtained from the spiked samples. As shown in Table 3 , under the optimum conditions, the measured recoveries of the proposed method for five OH-PCBs in sea water and waste water samples were 98-110% and 89-109%, respectively, with the RSD values lower than 11%, indicating that the proposed system has a promising potential for real sample analysis with a high accuracy and good reliability. 
Conclusions
A new method for sensitive and selective determination of OHPCBs has been developed, based on the combination of the MISPE and LC-MS/MS. The MIP is prepared by the precipitation polymerization method using a dummy template rather than the OH-PCB analyte. The resulting DMIP shows good recovery and high specific recognition ability for OH-PCBs. Combined with LC-MS/ MS, the DMIP based SPE column has been used to determine OHPCBs in the environmental samples. The proposed MISPE-LC-MS/ MS method is promising for the trace-level analysis of OH-PCBs in complex samples. 
